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A new member of the endonuclease III family of DNA repair
enzymes that removes methylated purines from DNA
Thomas J. Begley, Brian J. Haas, Jerry Noel, Alexander Shekhtman*, 
William A. Williams and Richard P. Cunningham
DNA is constantly exposed to endogenous and
exogenous alkylating agents that can modify its bases,
resulting in mutagenesis in the absence of DNA repair
[1,2]. Alkylation damage is removed by the action of
DNA glycosylases, which initiate the base excision
repair pathway and protect the sequence information of
the genome [3–5]. We have identified a new class of
methylpurine DNA glycosylase, designated MpgII, that
is a member of the endonuclease III family of DNA
repair enzymes. We expressed and purified MpgII from
Thermotoga maritima and found that the enzyme
releases both 7-methylguanine and 3-methyladenine
from DNA. We cloned the MpgII genes from T. maritima
and from Aquifex aeolicus and found that both genes
could restore methylmethanesulfonate (MMS)
resistance to Escherichia coli alkA tagA double
mutants, which are deficient in the repair of alkylated
bases. Analogous genes are found in other Bacteria
and Archaea and appear to be the only genes coding
for methylpurine DNA glycosylase activity in these
organisms. MpgII is the fifth member of the
endonuclease III family of DNA repair enzymes,
suggesting that the endonuclease III protein scaffold
has been modified during evolution to recognize and
repair a variety of DNA damage.
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Results and discussion
While searching for endonuclease III homologs in newly
sequenced genomes, we identified six conceptual proteins
in T. maritima, A. aeolicus, Methanobacterium thermoau-
totrophicum, Methanococcus jannaschi, Helicobacter pylori and
Staphylococcus aureus (Figure 1a) that are similar to endonu-
clease III, but which show variations at several completely
conserved residues in endonuclease III (Figure 1b). These
variations included a glutamate replacement for lysine at
position 120, and a tyrosine replacement for histidine at
position 140 of E. coli endonuclease III. Three of the pro-
teins have the iron–sulfur cluster loop motif [6] that is
found in all but one endonuclease III, whereas three have
lost this architectural motif. We also observed, in a com-
puter-generated three-dimensional model, a clustering of
conserved aromatic amino-acid residues near the pre-
sumed active site of the enzyme. These aromatic amino
acids could promote binding to electron-deficient alky-
lated purine bases [7–9], a feature that has been noted pre-
viously for the AlkA and MpgI methylpurine DNA
glycosylases [10–12].
There are three known classes of DNA glycosylases that
remove alkylated bases from DNA [13]. Class I is typified
by the TagA enzyme, 3-methyladenine DNA glycosylase I
of E. coli; class II is typified by the AlkA enzyme, 3-methy-
ladenine DNA glycosylase II of E. coli; and class III is typi-
fied by the MpgI enzymes of mammals. We predicted that
we had found a fourth class, which we call MpgII. We
determined the distribution of genes coding for homologs
of AlkA, TagA, MpgI and MpgII in all the completely
sequenced genomes available (Figure 1c). We also deter-
mined the distribution of genes coding for homologs of
O6-alkylguanine DNA alkyltransferase (Ogt), which repairs
a different spectrum of alkylated bases by direct reversal
[14]. Most organisms contain a single DNA glycosylase for
alkylated bases, and an Ogt. Class I glycosylases are found
in Bacteria. Class II glycosylases are found in Bacteria,
Archaea and lower Eukarya. Class III glycosylases are
found in Bacteria and higher Eukarya. Eight organisms
have none of the previously characterized methylpurine
DNA glycosylases. Four of these organisms lack an Ogt as
well, suggesting that they have no need to repair alkylation
damage, do not possess the ability to repair alkylation
damage, or use completely different enzymes to repair
alkylation damage. Four organisms were identified that
have an Ogt and an MpgII homolog, strongly suggesting
that these organisms repair alkylation damage and that we
have identified a new methylpurine DNA glycosylase that
is a member of the endonuclease III family of enzymes. 
We have characterized the properties of the T. maritima
open reading frame (ORF) and its protein product,
MpgII. The ORF was amplified using PCR and the
coding sequence inserted into pET28a, an inducible
expression vector. The resulting construct produces a
protein with an amino-terminal hexahistidine affinity tag.
The protein was overexpressed in E. coli and purified by
virtue of the histidine tag and its thermal stability at 65°C.
The purified MpgII was able to release both 7-methyl-
guanine (7MeG) and 3-methyladenine (3MeA) from a
substrate DNA that was alkylated with N-[3H]methyl-N-
nitrosourea (Figure 2a). The enzyme is active at both
37°C and 65°C. To rule out the possibility of contaminat-
ing activity from E. coli enzymes, we generated two site-
directed mutants of MpgII. The D156A mutation is a
substitution of alanine for the aspartic acid 156 residue,
which is completely conserved in all members of the
endonuclease III family and which has been shown to be
required for enzymatic activity [6,15]. The E138A muta-
tion is a substitution of alanine for the glutamic acid 138
residue, which is completely conserved in all the MpgIIs
and which replaces the catalytically essential lysine 120 in
endonuclease III [6,16]. Both mutant proteins had
severely reduced enzymatic activity (Figure 2b) compared
with the wild-type enzyme. These results demonstrate
that the enzyme activity we are measuring is not a conta-
minating activity from E. coli. Furthermore, these results
show that MpgII and endonuclease III share a common
active site. MpgII does not have apurinic/apyrimidinic
(AP) lyase, endonuclease or exonuclease activity (data not
shown). The absence of AP lyase activity is expected
because this activity requires the catalytically active lysine
(residue 120) of endonuclease III, which is replaced with
a glutamate (residue 138) in MpgII of T. maritima. Thus,
MpgII is a monofunctional DNA glycosylase. 
We also subcloned the MpgII genes from T. maritima and
A. aeolicus into a pBR322-based vector to place them under
the control of a weak E. coli promoter. These plasmids were
transformed into an alkA tagA double-mutant strain of E. coli.
Both the T. maritima gene and the A. aeolicus gene were able
to complement the alkylation sensitivity of the host cell
(Figure 3). We also transferred the genes for the two site-
directed mutant proteins described above into this system.
They were unable to complement the alkylation sensitivity
of the host, as expected from our biochemical data.
In conclusion, we have identified a new member of the
endonuclease III family of DNA repair enzymes. Other
members of the family (see Figure 1b) include endonucle-
ase III, which repairs oxidized and hydrated pyrimidines
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Figure 1
Sequence alignment and distribution of MpgII
enzymes. (a) CLUSTAL-W [25] alignment of
MpgII proteins. The sequences are truncated
at the amino and carboxy termini. Amino-acid
residues corresponding to residues 138
(diamond), 156 (circle), and 158 (inverted
triangle) of T. maritima MpgII (Tma MpgII) are
completely conserved; residues 138 and 156
are shown to be functionally important. The
four cysteines which bind the irons of the
iron–sulfur clusters are identified with
asterisks. Amino-acid residues that are
conserved in at least five of the six proteins
are highlighted in bold and shaded;
conservative changes are shaded only. Gaps
have been introduced to optimize the
alignment. Aae, Aquifex aeolicus; Mja,
Methanococcus jannaschi; Sau,
Staphylococcus aureus; Mth,
Methanobacterium thermoautotrophicum;
Hpy, Helicobacter pylori. (b) CLUSTAL-W
alignment of the highly conserved internal
sequence of representative endonuclease III
family members. Catalytically important
residues are indicated. The aspartic acid
residue at position 138 (circle) in the
numbering system of E. coli endonuclease III
(Eco EndoIII) is conserved in all members of
the endonuclease III family. Variations at
positions 120 (diamond) and 140 (inverted
triangle) could be related to differences in
catalytic mechanisms. The four cysteines
which bind the irons of the iron–sulfur clusters
are identified with asterisks. Amino-acid
residues that are conserved in at least four of
the five proteins are highlighted in bold and
shaded; conservative changes are shaded
only. Gaps have been introduced to optimize
the alignment. UV-Endo, ultraviolet
endonuclease. (c) Distribution of the four
classes of methylpurine DNA glycosylases
and of O6-alkylguanine DNA alkyltransferase
in organisms whose genomes are completely
sequenced. Bbu, Borrelia burgdorferi; Bsu,
Bacillus subtilis; Ctr, Chlamydia trachomatis;
Hin, Haemophilus influenzae; Mge,
Mycoplasma genitalium; Mpn, Mycoplasma
pneumoniae; Mtu, Mycobacterium
tuberculosis; Rpr, Rickettsia prowazekii; Syn,
Synechocystis PCC6803; Tpa, Treponema
pallidum; Afu, Archaeoglobus fulgidus; Pho,
Pyrococcus horikoshii; Sce, Saccharomyces
cerevisiae; Cel, Caenorhabditis elegans; Hsa,
Homo sapiens (included as a reference
mammal); B, Bacteria, A, Archaea; E, Eukarya;
+, present; –, absent; ?, unknown.
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[17]; MutY protein, which removes adenines from mis-
matches with guanine or 8-oxoguanine [18,19]; M. ther-
moautotrophicum Mig, which removes uracil or thymine
mismatched with guanine [20,21]; and ultraviolet endonu-
clease from Micrococcus luteus, which cleaves the N-glyco-
sidic bond of the 5′-pyrimidine in a pyrimidine dimer [22].
MpgII is found in both Bacteria and Archaea, where it is
the only known methylpurine DNA glycosylase in those
organisms for which the genome sequence is known.
Some members of the MpgII group have lost the
iron–sulfur cluster loop motif of endonuclease III that has
been implicated in DNA binding [6]. We are currently
cloning one of these genes to determine whether the
protein lacking an iron–sulfur cluster has enzymatic activi-
ties similar to the T. maritima MpgII and to determine
how it binds to DNA in the absence of the iron–sulfur
cluster loop motif. The removal of methylpurines by
MpgII is the first step in the base excision repair pathway.
No apurinic/apyrimidinic endonucleases from Archaea
have been characterized to date; however, our data sug-
gests that base excision repair will operate to repair alkyla-
tion damage in at least two archaeal thermophiles and that
the AP endonuclease homologs found in these organisms
will indeed have the expected enzymatic activity.
Materials and methods
Gene cloning and mutagenesis
The gene sequences for T. maritima and A. aeolicus MpgII were ampli-
fied from genomic DNA by PCR using primers that created NdeI and
EcoRI restriction sites at the 5′ and 3′ ends of the gene respectively.
The genes were cloned into pET28a (Novagen) using these sites. Site-
directed mutagenesis of T. maritima MpgII was performed using the
megaprimer mutagenesis method [23]. MpgII genes were cloned, for
expression in vivo, on NdeI–EcoRI restriction fragments into a pBR322
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Figure 3
Resistance to methylation cytotoxicity conferred by MpgII. The results
were obtained from gradient plate assays [27] in which the bottom
layer contained 20 µl MMS. Growth all along the gradient is defined as
100%. E. coli AB1157 is wild type for alkA and tagA whereas
CC4803 is the double mutant [28].
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Figure 2
Enzymatic release of methylated purines by MpgII. (a) High
performance liquid chromatography (HPLC) analysis of material
released by MpgII. Following the enzyme reaction, 3MeA (5 µg) and
7MeG (5 µg) were added to the reaction mixture, which was injected
onto a Waters Bondpak C18 column (4.5 mm × 30 cm). Products
were eluted from the column with 50 mM ammonium formate pH 4.5,
12.5% methanol at a flow rate of 1 ml/min. Fractions were collected
every 0.2 min and the radioactivity (counts per minute, c.p.m.)
contained in each fraction was determined by liquid scintillation
counting. The retention times, indicated by arrows, of 3MeA (4.7 min)
and 7MeG (5.6 min) were determined by monitoring ultraviolet
absorbance at 260 nm. Acid-catalyzed release of methylated bases
showed a ratio of 8.1:1 for 7MeG:3MeA. (b) Release of acetone-
soluble counts from calf thymus DNA treated with a tritiated
methylating agent. DNA (9.2 µg) was treated with enzyme for 25 min at
65°C [26]. WT, wild type.
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derivative that contained the promoter for E. coli endonuclease IV [24].
Genes were sequenced using a Sequenase 2.0 kit (USB). 
Protein purification
Plasmid pET28a-Tma MpgII was transformed into E. coli BL21(DE3)
cells harboring the plasmid pLysE, and transformants were selected on
tryptone–yeast extract (TY) plates containing chloramphenicol and
kanamycin. TY broth (3 liters) containing chloramphenicol and
kanamycin was inoculated with a transformant and incubated at 37°C
with aeration until the culture attained an A600 of 0.5. IPTG was added
to a final concentration of 1 mM to induce protein expression. Cells
were harvested by centrifugation after 4 h. The cell paste was sus-
pended in 50 mM KPO4 pH 7.2, 1 M NaCl, 5 mM imidazole, 0.1 mM
PMSF (10 ml per gram of paste). The cells were lysed by sonication,
the lysate stirred at 4°C for 15 min, and cell debris removed by cen-
trifugation. The resulting supernatant was applied to a 5 ml HiTrap
Chelating column (Pharmacia Biotech) charged with Ni2+. The column
was washed with 100 ml lysis buffer, and the protein eluted with
50 mm KPO4 pH 7.2, 1 M NaCl and 500 mM imidazole. The eluent
was supplemented to a final concentration of 5 mM EDTA and 5 mM
DTT, and diluted 4× with 50 mM Hepes–NaOH pH 7.5. It was incu-
bated at 65°C for 15 min, and heat-denatured E. coli proteins were
removed by centrifugation. The supernatant was concentrated and
analyzed by SDS–PAGE. MpgII was determined to be greater than
95% pure after Coomassie Blue staining of the gel. The concentra-
tions of the protein samples were determined spectrophotometrically
at 410 nm using an extinction coefficient of 14.4 mM–1 cm–1 for the
iron–sulfur cluster of MpgII. 
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